A novel complex of nickel(II) picrate (pic) with the V-shaped ligand 2, 6-bis(2-benzimidazolyl)pyridine (bbp) was synthesized and characterized by elemental analysis, electrical conductivity, and IR and UV/Vis spectral measurements. The crystal structure of the nickel(II) complex ([Ni(bbp) 2 ](pic) 2 ·2DMF) has been determined by single-crystal X-ray diffraction. The Ni(II) cation is bonded to two bbp ligands through six nitrogen atoms, resulting in a distorted octahedral geometry. The DNA-binding properties of the nickel(II) complex were investigated by electronic absorption and fluorescence spectra and by viscosity measurements. The experimental results suggest that the nickel(II) complex binds to DNA in an intercalation mode.
Introduction
Transition metal complexes are used to bind and react at specific sequences of DNA for finding novel chemotherapeutics, probing DNA and developing highly sensitive diagnostic agents [1, 2] . Therefore, an understanding of how these small molecules bind to DNA will be useful for the design of new drugs, diagnostic probes and reactive agents, which can recognize specific sites or conformations of DNA [2 -4] . In addition, benzimidazoles and their derivates exhibit various remarkable biological activities as pharmaceuticals such as antitumor [5] , antiviral [6] , anticancer [7] , antimicrobial [8] , antiprotozoal [9] , and anti-inflammatory or analgesic agents [10] . Metal ions and their complexes, because of their cationic character, three-dimensional structural profiles, and propensity for performing hydrolysis, redox, or photoreactions, have a natural aptitude for interacting with DNA [11] . An interesting concept for finding a complex with distinct biological and pharmaceutical features, the V-shaped system 2, 6-bis(2-benzimidazolyl)pyridine (bbp) was selected as a ligand to chelate nickel(II), which may enhance the interaction of the metal center(s) with DNA.
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The interaction of transition metal complexes of the ligand bbp with DNA such as of ruthenium [12] , copper [13] , cobalt [14] , chromium [15] , and zinc [16] has been studied to have models of biological systems. In this paper, we report the synthesis, crystal structure, and DNA-binding properties of the Ni(II) picrate complex with bbp. The DNA-binding properties of the complex were investigated by spectrophotometric methods and viscosity measurements.
Experimental Section

Materials and physical measurements
Ethidium bromide (EB) and calf thymus DNA (CT-DNA) were obtained from Sigma Chemicals Co. (USA). Tris-HCl buffer solution was prepared using bidistilled water. Other reagents and solvents were reagent grade obtained from commercial sources and used without further purification. The solution of CT-DNA gave a ratio of UV absorbance at 260 and 280 nm, A 260 /A 280 , of 1.8 -1.9, indicating that the DNA was sufficiently free of protein [17] . The stock solution of DNA (2.5 × 10 −3 M) was prepared in 5 mM Tris-HCl/50 mM NaCl buffer (pH = 7.2, stored at 4 • C and used within 4 d). The DNA concentration was determined by measuring the UV absorption at 260 nm, taking the molar absorption coefficient (ε 260 ) of CT-DNA as 6600 M −1 ·cm −1 [18] .
Elemental analyses were performed on a Carlo Erba 1106 elemental analyzer. IR spectra were recorded on a Bruker FT-IR Vertex 70 spectrometer in the range 4000 -400 cm −1 using KBr pellets. Electrolytic conductance measurements were made with a DDS-11A-type conductivity bridge using a 10 −3 mol L −1 solution in DMF at r. t. A glassy carbon working electrode, a platinum-wire auxiliary electrode, and a saturated calomel reference electrode (SCE) were used in the three-electrode measurements.
Electronic absorption spectra were taken on a Lab Tech UV Bluestar plus UV/Vis spectrophotometer. Using this method, the relative bindings of the complex to CT-DNA were studied in 5 mM Tris-HCl/NaCl buffer (pH = 7.2). The sample solution was scanned in the range 200 -500 nm.
Fluorescence spectra were recorded on a 970CRT spectrofluorophotometer (Shanghai Precision & Scientific Instrument Co., Ltd). While gradually adding a certain amount of DMF solution of the complex step by step to the EB-DNA solution in Tris-HCl buffer at 25 • C, the emission intensity at 520 nm was recorded. The sample solution was scanned in the range 550 -750 nm.
Viscosity experiments were conducted on an Ubbelodhe viscosimeter, immersed in a thermostated water-bath maintained at 25.0 ± 0.1 • C. DNA samples approximately 200 bp in an average length were prepared by sonication in order to minimize complexities arising from DNA flexibility [19] . Titrations were performed for the compounds (1 -10 µ M), and the complex was introduced into the CT-DNA solution (50 µ M) present in the viscometer. Data were presented as (η − η 0 ) 1/3 versus the ratio of the concentration of the compound to CT-DNA, where η is the viscosity of CT-DNA in the presence of the complex, and η 0 is the viscosity of CT-DNA alone. Viscosity values were calculated from the observed flow time of CT-DNA containing solutions corrected for the flow time of the buffer alone (t 0 ) with the equation η = (t − t 0 )/t 0 [20] .
Preparation of 2,6-bis(2-benzimidazolyl)pyridine (bbp) and its nickel picrate complex 2,6-Bis(2-benzimidazolyl)pyridine (bbp)
The ligand bbp was synthesized according to the procedure reported by Addison [21] . M. p. > 300 • C. The infrared and 1 H NMR spectra were almost consistent with those in the literature [21 -23] . -IR (KBr, pellet, cm −1 ): ν = 3185s (ν N−H ), 1600m (ν C−C ), 1573s (ν C=N ), 1460s (ν C−N ), 1434s, 1319s, 1278s (ν C−N ), 1230m, 821m, 742vs (δ Ph(C−H) ). 
To a stirred solution of 2, 6-bis(2-benzimidazolyl)pyridine (0.1557 g, 0.50 mmol) in hot MeOH (10 mL) was added Ni(pic) 2 
X-Ray structure determination of [Ni(bbp) 2 ](pic) 2 ·2DMF
A suitable single crystal was mounted on a glass fiber, and the intensity data were collected on a Rigaku R-axis Spider diffractometer with graphite-monochromatized MoK α radiation (λ = 0.71073Å) at 153 K. Data reduction and cell refinement were performed using RAPID AUTO programs [24] . The absorption correction was carried out empirically. The structure was solved by Direct Methods and refined by full-matrix least-squares calculations against F 2 using the SHELXTL software [25] . All H atoms were found in difference electron maps and were subsequently refined in a riding model approximation with C-H distances ranging from 0.95 to 0.98Å and U iso (H) = 1.2 or 1.5 U eq (C). The H atoms bonded to N atoms were refined independently with a distance constraint of N-H = 0.88Å. The atoms of one DMF solvent molecule are disordered over two coplanar orientations with equal occupancy. A summary of parameters for the data collections and refinements is given in Table 1 .
CCDC 725540 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
Results and Discussion
The 
IR and electronic spectra
The IR spectral data for the free ligand and the Ni(II) complex with their relative assignments have been studied to characterize their structures. The IR spectrum of the free ligand bbp shows characteristic absorption bands of the benzimidazole pyridine group at 1600, 1573, 1436, and 1278 cm −1 assigned to ν(C=C), ν(C=N) and ν(C-N), respectively [27 -29] . For free bbp a strong band is found around 1573 cm −1 attributed to ν(C=N) of the benzimidazole group, which becomes a medium band around 1564 cm −1 in the Ni(II) complex. The ν(C=N) wavenumber of the ligand is blue-shifted by 10 cm −1 in the complex, which implies that all four imine nitrogen atoms are coordinated to the cation center. The free picrate anion shows IR bands at 908 cm −1 (ν Ar ) and 1271 cm −1 (ν Ar (C-OH)), which remain almost unchanged, but IR bands at 1365 cm −1 (ν s (NO 2 )) and 1544 cm −1 (ν as (NO 2 )) of the free picrate anion are not split in half but slightly move to 1317 cm −1 (ν s (NO 2 )) and 1566 cm −1 (ν as (NO 2 )) for the Ni(II) complex, which indicates that the picrate anion is not coordinated but involved in forming intermolecular hydrogen bonds [29] . The electronic spectra of free bbp, picric acid and the Ni(II) complex were recorded at 298 K in DMF solution, and the data are given in Table 2 . The ligand bbp shows two strong absorption bands at 301 and 347 nm attributed to π→π * transitions. While picric acid shows four strong absorption bands at 272, 327, 365 and 419 nm [30, 31] , the Ni(II) complex shows three strong absorption bands at 296, 361 and 419 nm for π→π * and n→π * transitions. The electronic spectra of Ni(II) complexes (3d 8 ) normally exhibit three weak d-d transitions, namely 3 A 2g → 3 T 2g , 3 A 2g → 3 T 1g (F), 3 A 2g → 3 T 1g (P) [32] . The title complex shows that two spin-allowed ( 3 A 2g → 3 T 1g (F), 3 A 2g → 3 T 1g (P)) transitions at 555 and 856 nm, respectively, and another weak d-d transition ( 3 A 2g → 3 T 2g ) in the near-IR region hidden by other transitions.
Molecular structure in the crystal
Selected interatomic distances and bond angles of the complex [Ni(bbp) 2 ](pic) 2 ·2DMF are listed in Table 3. The structure consists of a [Ni(bbp) 2 ] 2+ cation ( Fig. 1) , two picrate anions, and two DMF solvate molecules. The metal ion, adopting a distorted octahedral geometry, is six-coordinated with an N 6 ligand set of which four N atoms (N1, N4, N6, N9) are afforded by the the benzimidazole rings and the other two (N4, N8) by the pyridine rings. The bond angles of ideally 90 • range from 76.69 (6) . With regard to a regular octahedron, the angles and bond lengths show some distortion (Fig. 1) .
DNA-binding properties Absorption spectroscopic studies
The application of electronic absorption spectra in DNA-binding studies is one of the most useful techniques. The absorption spectra of the ligand and the Ni(II) complex in the absence and presence of CT-DNA (at a constant concentration of complexes) are given in Fig. 2a . As can be seen from Fig. 2a , the Ni(II) complex exhibits an intense absorption band at 361 nm assigned to π→π * transitions of the benzimidazole and picrate groups, and addition of increasing amounts of CT-DNA results in hypochromism in the UV/Vis spectra of the Ni(II) complex. In the present case, with addition of DNA, the Ni(II) complex exhibits hypochromism of about 19.4 % and bathochromism of 1 nm. These spectral characteristics suggest that the Ni(II) complex interacts with DNA, most likely through a mode that involves a stacking interaction between the aromatic chromophore and the base pairs [33, 34] . As shown in Fig. 2b , Ni(pic) 2 exhibits hypochromism of about 4.4 % and bathochromism of 1 nm. It can assumed that the picrate anions bind to CT-DNA in a weak intercalation mode, and that the binding affinity of picrate anions is much weaker than that of the Ni(II) complex.
In order to further illustrate the binding strength of the Ni(II) complex, the intrinsic binding constant K b was determined from the spectral titration data using the equation [23] [ (Fig. 2c) , the binding constant K b for the Ni(II) complex was estimated to be 7.07 × 10 4 M −1 (R = 0.9893 for ten points).
Fluorescence spectroscopic studies
In order to further study the binding properties of the complex with DNA, competitive binding experiments were carried out. Relative binding of the Ni(II) complex to CT-DNA was studied by the fluorescence spectral method using ethidium bromide-(EB-) bound CT-DNA solution in Tris-HCl/NaCl buffer (pH = 7.2). Ethidium bromide (EB) is a weakly fluorescent compound, but in the presence of DNA its emission intensity is greatly enhanced because of its strong intercalation between the adjacent DNA base pairs. It was previously reported that the enhanced luminescence can be quenched by adding a second molecule [35, 36] .
A competitive binding of the Ni(II) complex to CT-DNA resulted in the displacement of bound EB or in quenching of the bound EB, and as a consequence the emission intensity of ethidium bromide decreased. In the competitive binding experiment, 10 µL of a CT-DNA solution was added to 10 µL of an EB buffer solution (pH = 7.2), and the fluorescence intensity was measured using the excitation wavelength of 520 nm resulting in an emission at about 600 nm at r. t.
Upon addition of the Ni(II) complex, the emission intensity of EB-bound calf thymus (CT-DNA) solution decreases, indicating that the complex competes with EB for binding with DNA (Fig. 3a) . The extent of the reduction of the emission intensity gives a measure of the binding propensity of the complex to CT-DNA. According to the classical Stern-Volmer equation [35, 37] where F 0 is the emission intensity in the absence of the quencher, F is the emission intensity in the presence of the quencher, K sv is the quenching constant and [Q] is the Ni(II) complex. The fluorescence quenching constant (K sv ) of the Ni(II) complex (Fig. 3b ) is 1.52 × 10 4 M −1 (R = 0.9864 for eleven points). K sv is a linear Stern-Volmer quenching constant dependent on the ratio of the bound concentration of EB to the concentration of DNA. It may be due to the Ni(II) complex interacting with DNA in partial intercalation mode, thereby releasing some free EB from the EB-bound CT-DNA complex system, which is consistent with the above absorption spectral result.
Viscosity studies
Optical techniques are widely used to study the binding model for combinations of the ligand, metal complexes and DNA, but give not always sufficient clues. Therefore, viscosity measurements were carried out to further clarify the interaction of the metal complex and DNA. Hydrodynamic measurements that are sensitive to the length change (i. e., viscosity and sedimentation) are regarded as the least ambiguous and the most critical tests of a binding model in solution in the absence of crystal structure data [38, 39] . With increasing amounts of the title Ni(II) complex, the viscosity of DNA increases steadily. The values of (η-η 0 ) 1/3 were plotted against [complex]/[DNA] (Fig. 4) . In classical intercalation, the DNA helix lengthens as base pairs are separated to accommodate the bound ligand leading to increased DNA viscosity whereas a partial, nonclassical ligand intercalation causes a bend (or kink) in the DNA helix reducing its effective length and thereby its viscosity [39] .
The effects of the Ni(II) complex and Ni(pic) 2 on the viscosity of CT-DNA are shown in Fig. 4 . The viscosity of CT-DNA is increased steadily with the increment of the Ni(II) complex and Ni(pic) 2 , and it is further illustrated that the Ni(II) complex and Ni(pic) 2 intercalate with CT-DNA [39] . The results of the viscosity experiments confirm the mode of the Ni(II) complex intercalation into DNA base pairs already established through absorption and fluorescence spectroscopic studies.
Conclusion
In summary, a novel nickel(II) picrate complex based on the V-shaped ligand bbp has been synthesized and characterized. The results of a study of the interaction of this nickel(II) complex and of Ni(pic) 2 with CT-DNA by using absorption and fluorescence spectral techniques and viscosity measurements suggest that the Ni(II) complex and Ni(pic) 2 bind to CT-DNA in an intercalation mode, but the binding affinity of picrate anions is much weaker than that of the Ni(II) complex. The results could make a contribution to the design of pharmaceuticals on a molecular level.
